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Part I: Report by the Principal Investigator 

1. Introduction 

The following research has been conducted during the grant period. 

Year 1: 

(1) The electromechanical response and failure behavior of pure carbon nanotube (CNT) fibers 

and CNT composite fibers under tensile loading were characterized through single fiber 

tensile tests. See section 2.1. 

(2) The interfacial behavior of CNT fiber/epoxy composites were characterized using micro-

droplet tests. The effective CNT fiber/epoxy interfacial shear strength was found to be 14.4 

MPa. See section 2.2. 

(3) The entanglements in CNT fibers were investigated by using a self-folded nanotube model. 

The tensile behavior of the self-folded CNT has been examined by using both the 

approximate theoretical model and atomistic simulations. See section 2.3. 

(4) The opportunities and challenges of state-of-the-art of CNT fibers were reviewed. See section 

2.4. 

Year 2: 

(1) The compressive strengths of pure and composite CNT fibers were obtained as 416 and 573 

MPa, respectively, using a tensile recoil measurement. The principal recoil compressive 

failure mode of pure CNT fiber was kinking, while the CNT epoxy composite fiber exhibited 

a failure mode in bending with combined tensile and compressive failure morphologies. See 

section 2.5. 

(2) The torsional behavior of CNT fibers was investigated by performing single fiber torsion 

tests. Bulk shear modulus was obtained as 0.40 ± 0.02 GPa for pure fiber and 2.79 ± 0.64 

GPa for resin infused fibers. See section 2.6. 

(3) The tensile stress relaxation behavior of CNT fibers was studied. Both the pure CNT fiber 

and the CNT/epoxy composite fiber exhibited significant stress decay during the relaxation 

process. See section 2.7. 

(4) The strain rate-dependent tensile properties and dynamic electromechanical response of CNT 

fibers were studied using the Kolsky tension bar methodology. See section 2.8. 

(5) A CNT fiber based stretchable conductor was designed and fabricated using the prestraining-

then-buckling approach. The CNT fiber/PDMS composite film showed very little variation in 

resistance under multiple stretching-and-releasing cycles up to a prestrain level of 40%. See 

section 2.9. 

(6) The mechanical behavior and microstructural evolution of CNT fibers under twisting and 

tension have been investigated using coarse-grained molecular dynamics (CGMD) 

simulations. See section 2.10. 
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(7) The state-of-the-art of CNT fibers for advanced composites were reviewed. See section 2.11. 

Year 3: 

(1) The super-aligned CNT film/graphene hybrid fibers were designed and fabricated. The 

failure behaviors of fiber under axial tensile loading showed significant correlations with the 

CNT film thickness and the interfacial nano/micro structures. See section 2.12. 

(2) The porous CNT fibers with tunable large pores of hundreds of nanometers in diameter have 

been synthesized from a commercially available sizing material, their mechanical and 

electrical properties were studied. See section 2.13. 

(3) The electromechanical behaviors of reduced graphene oxide fiber were studied. An 

immediate and significant modulus decrease upon electric current application was observed 

and investigated. See section 2.14. 

(4) Literature in the synthesis, properties and applications of graphene-based fibers has been 

reviewed. See section 2.15. 

A summary of the research findings are given in the following section. 

2. Brief Overview of Accomplishments 

During the three-year grant period, various research topics pertaining to the synthesis, 

characterization, electromechanical and interfacial properties of CNT fibers; synthesis and 

electromechanical properties of graphene-based fibers; molecular dynamics simulations and 

multifunctional flexible composite applications of CNT fiber have been explored. Thirteen 

journal papers reporting the findings have been published; three manuscripts are in various 

stages of review or preparation. Their contents are summarized below. 

2.1 electromechanical response and failure behavior of CNT fibers [1] 

The mechanical and electrical behavior of carbon nanotube fibers spun continuously from an 

aerogel is discussed. These fibers exhibit moderate strength (0.19 GPa) and elastic moduli (9.16 

GPa). Their piezoresistive behavior, evaluated through active resistance measurements during 

tensile loading, demonstrates their potential for sensing applications in advanced composite 

materials. Insight into the failure behavior of the aerogel-spun fibers is gained through 

microscopic examination of the failed fibers, as well as analysis of their electrical response. 
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Fig. 1. (a) Typical resistance/stress-strain behavior during monotonic tensile loading. (b) 

Electrical resistance exhibits hysteresis during cyclic tensile loading to 70% Fmax. (c) Buckling 

occurring along the length of a fiber specimen. Images taken in sequence from gage (upper left) 

to failed end (lower right) [1]. 

As the fibers undergo tensile strain, radial contact between individual carbon nanotubes may 

improve; however, the degree of axial nanotube-nanotube contact decreases. This behavior gives 

rise to increases in electrical resistance. Upon failure of the fiber, electrical resistance increases 

drastically due to a permanent loss of electrical contact between the carbon nanotubes (Fig. 1a). 

During quasi-static cyclic tensile loading in the form of an electrical resistance hysteresis loop 

(Fig. 1b). This loop becomes more pronounced at higher load cycles and indicates that, at the 

same stress level, electrical resistance of the fiber is higher during unloading than during loading. 

Fig. 1c shows that a new phenomenon for carbon nanotube fibers is reported-the aerogel-spun 

fibers are observed to undergo mild to severe kinking due to tensile failure. This kinking is 

attributed to compressive failure due to recoil from the fiber free ends. 

2.2 Interfacial behaviors between CNT fiber and epoxy resin [2] 

The tensile properties of continuous carbon nanotube (CNT) fibers spun from a CNT carpet 

consisting of mainly double- and triple-walled tubes, and their interfacial properties in an epoxy 

matrix, are investigated by single fiber tensile tests and microdroplet tests, respectively. The 

average CNT fiber strength, modulus and strain to failure are 1.2 ± 0.3 GPa, 43.3 ± 7.4 GPa and 

2.7 ± 0.5%, respectively. A detailed study of strength distribution of CNT fiber has been carried 

out. Statistical analysis shows that the CNT fiber strength is less scattered than those of 
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MWCNTs as well as commercial carbon and glass fibers without surface treatment. The 

effective CNT fiber/epoxy interfacial shear strength is 14.4 MPa. Unlike traditional fiber-

reinforced composites, the interfacial shear sliding occurs along the interface between regions 

with and without resin infiltration in the CNT fiber. 

Fig. 2 shows the microdroplet test set-up. The interfacial shear strength between CNT fiber and 

epoxy resin was calculated according to the following equation, which is based on the 

assumption of a constant IFSS between the fiber and its surrounding matrix [3]: 

      
  

     
  
    

   
 

 

Fig. 2 Microdroplet test set-up [2]. 

 

Fig. 3 (a) Debonding force versus embedment area of the microdroplet specimens made of CNT 

fiber and epoxy. (b) An SEM image of the CNT fiber/epoxy droplet after interfacial debonding 

[2]. 
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By fitting the experimental data using the least-square method to the linear function passing 

through the origin (Fig. 3a), the average effective IFSS can be obtained from the slope of the 

fitting line, which is 14.4 MPa. The CNT fiber/epoxy interfacial shear strength so determined is 

comparable to those of E-glass/epoxy composite (20 MPa) [4], and carbon fiber/epoxy 

composite (18.4 MPa) [5]. After interfacial failure, some CNT bundles were pulled out from the 

epoxy layer, which indicates the infiltration of the resin matrix in the fiber (Fig. 3b). In addition, 

there is an obvious fracture zone of CNT bundles in the debonding location at the bottom of the 

droplet and the diameter of the fiber above this zone is smaller than that below the zone. 

2.3 Analysis of the entanglements in CNT fibers using a self-folded nanotube model [6] 

CNT entanglements always exist in CNT fibers and play a crucial role in affecting their 

mechanical properties. In this study, the CNT entanglement is modeled as two connecting 

SFCNTs. At large aspect ratios, a CNT is energetically favorable to be self-folded due to the van 

der Waals interactions between different parts of the CNT. The geometrical characteristics of the 

SFCNTs, such as the critical length for self-folding as well as the critical effective width and 

length, are investigated by using both an exact theoretical model and an approximate theoretical 

model. The tensile properties of the SFCNTs have been examined by using both the approximate 

theoretical model and atomistic simulations. Good agreements are achieved in the results of these 

two approaches. 

 

Fig. 4. (a) An SEM image of a freshly drawn CNT fiber [7] and (b) schematic diagram of a CNT 

entanglement model [6]. 

CNTs in the fiber are not uniformly aligned and they always tend to entangle with one another, 

especially in the region connecting two consecutive CNT bundles (Fig. 4a). A simplified model 

is adopted, where the configuration of CNT entanglement is composed of two SFCNTs, as 

shown in Fig. 4b. The load that is applied on one side of the entanglement is transferred to the 

other side through the intersecting point of the two SFCNTs. a long CNT often exists in the self-

folded state due to its large aspect ratio and van der Waals interactions between different parts of 

the CNT. When the two ends of along CNT get closer, they will bind toward each other under 

the drive of van der Waals interactions and consequently, a racket-like self-folded CNT is 

formed, as shown in Fig. 4b. 
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2.4 Review of the state-of-the-art of CNT fibers [8] 

The superb mechanical and physical properties of individual carbon nanotubes (CNTs) have 

provided the impetus for researchers in developing high performance continuous fibers based 

upon CNTs. The reported high specific strength, specific stiffness and electrical conductivity of 

CNT fibers demonstrate the potential of their wide application in many fields. In this review 

paper, we assess the state of the art advances in CNT-based continuous fibers in terms of their 

fabrication methods, characterization and modeling of mechanical and physical properties, and 

applications. The opportunities and challenges in CNT fiber research are also discussed. 

2.5 Compressive properties of CNT fibers [9, 1] 

We recently studied the compressive properties of both pure CNT fibers and epoxy infiltrated 

CNT fibers using the tensile recoil measurement. The compressive strengths were obtained as 

416 and 573 MPa for pure CNT fibers and CNT/epoxy composite fibers, respectively. In 

addition, microscopic analysis of the fiber surface morphologies revealed that the principal recoil 

compressive failure mode of pure CNT fiber was kinking, while the CNT/epoxy composite fibers 

exhibited a failure mode in bending with combined tensile and compressive failure morphologies. 

CNT fibers tested in this study were spun by drawing and twisting of CNT strips out of vertically 

well-aligned CNT arrays (forests) [10], whose CNTs were mainly double- and triple-walled with 

diameters of ∼6 nm. CNT/epoxy composite fibers were prepared using a soaking technique [11]. 

 

Fig. 5. Surface morphology and compressive damages at locations away from the clamped end 

for pure CNT fiber (a, b) and CNT/epoxy composite fiber (c, d), respectively [9]. 
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When a pure CNT fiber after recoil test at intermediate initial tensile stress of 680.5 MPa, 

compressive damage and kinked locations along the upper specimen segment near the clamped 

end can be easily identified (Fig. 5a, b). The recoil compressive strength of the pure CNT fiber in 

our study was around 416.2 MPa. For CNT/epoxy composite fibers (Fig. 5c, d), the same method 

showed the recoil compressive strength is around 573 MPa, which is 37.7% higher than that of 

the pure CNT fiber. The enhanced compressive strength coupled with the improvement in the 

tensile strength is due to the effectiveness of resin infiltration. 

 

Table 1. Ranked recoil test results [1]. 

The compressive strength of the aerogel-spun carbon nanotube fibers was estimated by 

employing the fiber recoil method. By ranking experimental results by strength and observing 

whether or not kinks formed during tensile failure (Table 1), we find that the majority of fibers 

tested above 177.2 MPa exhibit kinking while fibers tested below 172.1 MPa generally do not. 

Therefore, we conclude that compressive strength of the fiber falls in the range of 172–177 MPa. 

2.6 Torsional behavior of CNT fibers [12] 



9 
 

Carbon nanotube fibers possess the ability to respond electrically to tensile loading. The 

electrical response to torsional loading results demonstrate that applied twist compacts the fiber, 

resulting in increased electrical contact between carbon nanotubes. Shear strains in excess of 24% 

do not result in permanent changes in electrical resistance along uninfused fibers, while 

irreversible changes in electrical resistance arise from applied shear strains of 12.9% in epoxy 

infused fibers. Bulk shear modulus is approximated to be 0.40 ± 0.02 GPa for unreinforced and 

2.79 ± 0.64 GPa for infused fibers. 

 

Fig. 6. Changes in electrical resistance arising from CW and CCW twisting in (a) uninfused and 

(b) infused carbon nanotube fibers. Twisting initiates at t = 0 s [12]. 

Fiber electrical resistance was measured during the typical torsional experiment, as shown in Fig. 

6. From rest, the pendulum is rotated three turns CW or CCW. In each instance, for both 

uninfused and infused fibers, electrical resistance decreases temporarily upon shear strain 

application. Once the fiber has returned to its rest state, electrical resistance returns to its baseline 

value. Note that the electrical resistance decreases further in the case of clockwise rotation. We 
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attribute this to a residual effect from the applied clockwise twisting during fiber post-processing. 

To confirm that the electrical resistance recovery is related to fiber untwisting, fibers were 

twisted and held in place. During this hold period, no electrical resistance recovery occurred. 

2.7 Tensile strength relaxation behavior of CNT fibers [13] 

To examine the long-term durability of CNT fibers, we studied the time-dependent behavior of 

CNT fibers, and particularly focused on the tensile stress relaxation. Both the pure CNT fiber 

and the CNT/epoxy composite fiber exhibited significant stress decay during the relaxation 

process, and this time-dependent behavior became more significant at a higher initial strain level, 

a lower strain rate and a greater gauge length. This research provided the fundamental guidance 

for the long-term durability of CNT fibers in load-bearing multifunctional applications. 

 

Fig. 7. (a) Force as a function of time during loading and relaxation. Comparisons of relaxation 

behavior of carbon fiber, pure CNT fiber and CNT/epoxy composite fiber. Effect of initial strain 

level on the relaxation behavior of CNT fibers. Force as a function of time during the loading 

and relaxation of (a) pure CNT fiber and (b) CNT/epoxy composite fiber [13]. 

The tensile stress relaxation behavior of carbon fiber, pure CNT fiber and CNT/epoxy composite 

fiber were studied for comparison (Fig. 7a). The load of the carbon fiber was almost constant 

after 1 h and decreased by only 5.4% even after being held for 18 h at the constant initial strain. 

As for pure CNT fiber, there was significant load decay during the first four minutes of the 

relaxation process, and the load dropped by as much as 32% after 18 h at constant strain. While 
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the CNT/epoxy composite fibers showed the highest stress relaxation rate. Fig. 7b and c showed 

that pure CNT fiber and CNT/epoxy composite fibers have different stress relaxation rate when 

the initial strains are different. 

 

Table 2. Summary of the stretched exponential parameters for both the pure CNT fiber and the 

composite fiber [13]. 

The stress relaxation behavior was further simulated using the stretched exponential function 

[14]:  

 ( )  (      ) 
 (
 
 
)      (     ) 

And the values of k were found to be about 0.40 for both pure CNT fiber and CNT/epoxy 

composite fiber at all strain levels. The values of the stress relaxation model parameters are given 

in the Table 2. For both pure fiber and composite fiber, the initial modulus E0 simulated by the 

function was almost the same as the experimental value at each initial strain level. 

2.8 Strain rate-dependent tensile properties and dynamic electromechanical behavior of 

CNT fibers [15] 

This investigation into the rate-dependent tensile behavior of carbon nanotube (CNT) fibers 

provides insight into the role of strain rate and specimen gage length on tensile strength. 

Chemical vapor produced CNT continuous fibers exhibit significantly higher strengths (3–5 GPa) 

and moduli (80–200 GPa). During dynamic tension evaluation, real-time electrical measurements 

provide correlations between high rate deformation/damage mechanical behavior and electrical 

resistance of the fiber specimens. Furthermore, this first look into the dynamic tensile behavior 

of CNT fibers demonstrates their potential to serve as sensors in high rate applications. 
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Fig. 8 Kolsky tension apparatus for single fiber evaluation [16]. 

 

Fig. 9 (a) Electromechanical response to dynamic tension loading for two 3.18 mm gage CNT 

fiber specimens: pull-out vs. brittle failure. (b) SEM images depicting a CNT fiber failure ends 

[15]. 

Fig.8 shows the Kolsky tension apparatus used for CNT fiber test. Fig. 9a shows the 

electromechanical behavior of two stretched CNT fiber specimens. We present a case of fiber 

pull-out compared with fiber breakage during loading. In the case of fiber pull-out, electrical 

resistance increases only slightly due to permanent strain rendering post-examination redundant. 

The ability to sense strain and damage within a CNT fiber under dynamic tensile loading 

provides a solid proof of concept for CNT fiber-based sensing in high-rate composite 

applications. And upon failure (Fig. 9b), electrical resistance becomes infinite due to complete 

separation of the broken fiber ends. 

2.9 CNT fibers based stretchable conductor [17] 

By demonstrating the multifunctional properties of CNT fibers, we recently designed a CNT 

fiber based stretchable conductor by a simple prestraining-then-buckling approach. Before being 

transferred to the prestrained substrate, CNT fibers were coated with a thin layer of liquid PDMS 
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by a dip-coating method to enhance interfacial bonding between the fibers and the PDMS 

substrate and thus, facilitate the buckling formation. Upon curing and releasing of the prestrain, 

the CNT fibers were kinked laterally. By contrast, the T300 carbon fibers adhered to the 

prestrained substrate were fractured into segments instead after release of the prestrain due to 

their high flexural modulus. A stretchable conductor was constructed by further coating the 

buckled CNT fibers with a thin layer of PDMS (Fig. 10). 

 

Fig. 10 Illustration of the fabrication process of buckled CNT fibers sandwiched in between 

PDMS [17]. 

Massive CNT fiber buckles formed in the stretchable conductor as shown in Fig. 11a, which was 

generated from the compressive force induced by releasing the fiber/substrate assembly from 

prestrain. The height of the kinked fiber was in the range of 20–30 µm, much higher than that of 

the fiber diameter which was around 13 µm. The CNT bundles on the compressive side of the 

fiber buckled without apparent damage to the fibers. Moreover, the buckled CNT fiber can be 

alternatively straightened and kinked without apparent permanent fracture under stretching-and-

releasing cycles. 
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Fig. 11 (a) An SEM image shows two kinks in the CNT fiber. (b) Electrical resistance of a CNT 

fiber/PDMS composite fi lm during cyclic stretching to the prestrain level of 40%. Only the data 

of the 1st, 10th, and 20th cycles are shown for comparison [17]. 

Fig, 11b plots the measured resistance of the CNT fiber/PDMS film during cyclic stretching to 

the prestrain level of 40%. It can be seen that the resistance of the composite film increased 

slightly with increasing tensile strain by only about 30 Ω (1%) up to the prestrain level. Upon 

release, the resistance showed a corresponding decrease, eventually returning to its initial state. 

This trend of resistance variation was maintained in multiple stretching-and-releasing cycles up 

to the prestrain level. The excellent stability and repeatability of the kinking of the CNT fibers 

are of critical importance in retaining the fiber electrical conductivity during cyclic loading, and 

therefore performance of CNT fiber based stretchable conductors. 

2.10 Simulations of mechanical behavior and microstructural evolution of CNT fibers [20, 

21] 

The tensile behavior of CNT films and fibers were investigated by coarse-grained molecular 

dynamics (CGMD) simulations, and a comprehensive investigation of the mechanical behavior 

and microstructural evolution of CNT continuous fibers under twisting and tension was 

performed. Results indicate that twisting can make either positive or negative contributions to the 

mechanical properties of the resulting CNT fiber, depending on the microstructure. CNT 

entanglements always exist in CNT fibers and play a crucial role in affecting their mechanical 

properties. This study would be helpful not only in the general understanding of the nano- and 

micro-scale factors affecting CNT fibers' mechanical behavior, but also provide an effective 

means of revealing the structure/property relationships of CNT films/fibers, which are essential 

in designing high performance CNT fibers. 
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Fig. 12 (a) SEM micrographs showing CNT structures formed during the dry-drawing process 

[20] and, (b) the as produced CNT films [21]. (c, d) Simulation models for entangled and straight 

CNT films, respectively [18]. 

Fig. 12a shows a snapshot during the fiber drawing process, where it is evident that a triangular 

zone forms the area in which CNTs leave the array. And it clearly illustrate the CNT 

entanglements found in the obtained CNT film (Fig. 12b). Thus, a new CNT film model with 

both the entangled and straight CNT structures (Fig. 12c, d) is developed to simulate the 

structural evolution of CNT films and fibers under tension using the CGMD method. 

 

Fig. 13 Structural reorganization of (a) fiber with random CNT stacking and (b) fiber with 

regular CNT stacking after twisting. Enlarged images show the morphologies at different 

sections of the fibers. The CNTs in the top and bottom layers of the CNT film are colored in red 

and blue, respectively [19]. 
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Twisting simulations are carried out to investigate the configurations of CNT fibers twisted from 

CNT films with random and regular end stacking (Fig. 13). And the simulation results showed 

that the highest tensile strength is 0.62 GPa and 0.57 GPa for random and regular CNT stacking 

fibers, respectively. Our CGMD simulation results also demonstrated the twisting process has 

resulted in different tensile behavior of CNT fibers with entangled CNTs and straight CNTs, and 

the former is enhanced while the latter is degraded (which are similar to the CNT fibers stacked 

from random and regular CNTs, respectively). In the simulation work, we established three 

microstructural evolution mechanisms, namely CNT stretching, fiber untwisting (or unbending 

of the CNTs) and intertube sliding, have been identified for describing the CNT fiber 

deformation, and good agreements are achieved with the experimental results. 

2.11 A literature review of CNT fibers for advanced composites [22] 

Investigations into carbon nanotube fibers as not only structural reinforcement materials but also 

standalone or embedded strain/damage, thermal, atmospheric and biochemical sensors are driven 

by their high specific strength, stiffness, electrical and thermal conductivity, and extreme 

flexibility. With future applications in view, we have studied their load transfer mechanisms, 

coupled electrical and mechanical response, high strain rate behavior and adaptability to resin 

infusion. This article is intended to cover our research over the past couple years and to highlight 

relevant and interesting work performed by others in the area of carbon nanotube fiber 

mechanics and experimental characterization. 

2.12 Interfacial behavior of CNT/graphene hybrid fibers [23] 

Highly aligned CNT film wrapped graphene composite fibers was fabricated by directly rolling 

CNT film around a graphene fiber with the CNTs paralleled to the axial direction of graphene 

fiber. After wrapping, the specific strength and electrical conductivity of graphene fiber were 

simultaneously enhanced by 22% and 49% (to 89 mN/tex and 212 S/cm), respectively. Thicker 

CNT film wrapping of the rGO fiber induces a core-sheath structure; the resulting interfacial 

debonding and slippage under fiber axial loading were examined. 
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Fig. 14 (a) Schematic illustration of CNT film wrapping a graphene fiber and an SEM image of 

the aligned CNT film. (b, c) CNT/graphene hybrid fibers with different amounts of CNTs [23]. 

We wrap the graphene fiber with highly aligned CNT film (Fig. 14a). After the hybrid fibers 

were densified with ethanol, 1.57 and 9.42 mm width CNT film wrapped fiber show different 

surface coverage conditions (Fig. 14b, c). The specific strengths of CNT/graphene hybrid fibers 

were improved compared with the pristine graphene fiber (Fig. 15a). The sudden load drop 

obviously seen in fiber f3 and f4 was attributed to the sudden debonding and slippage between 

the CNT film sheath and the graphene fiber core, which resulting in corresponding fiber 

electrical resistance variation with tensile strain increased (Fig. 15b), and finally led to the core 

fiber being extracted from the CNT film sheath (Fig. 15c). Combined with the phenomenon that 

the hybrid fibers’ electrical conductivities were also greatly increased, these suggest that the 

core-sheath fiber structure had a significant influence on the interfacial properties between CNT 

and graphene in the hybrid fibers. 
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Fig. 15 Specific tensile stress-strain curves (a) and the corresponding electrical resistance-strain 

curves (b) of graphene fiber (f0) with wrapping CNT film width of 1.57, 3.14, 6.28 and 9.42 mm 

(f1, f2, f3 and f4, respectively). (c) Failure of the CNT/graphene hybrid fiber [23]. 

2.13 High performance porous CNT/PVA fibers [24] 

We synthesized porous CNT fibers with high mechanical strength and electrical conductivity by 

a wet spinning method. Commercialized CNT sizing material was used as the precursor, and low 

concentration (0.1 wt%) PVA/H2O solutions with the assistance of a small amount of H2SO4 (1 

wt%) was employed as the coagulation bath.  

 

Fig. 16 An SEM image shows the porous structure of the cross section of the porous CNT/PVA 

fiber [24]. 
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The tensile strengths of the porous CNT/PVA fibers with different contractions of 41%, 30% and 

10% are 121, 140 and 231 MPa, respectively. And the electrical conductivity of this porous fiber 

(Fig. 16) is as high as 1778 S/m, more than 10 times higher than that of CNT fiber spun from 5% 

PVA solution [25], and even higher than that of pure wet-spun CNT fibers (667 S/m) [26]. This 

was attributed to the low concentration of insulating PVA used. 

 

Fig. 17 Pore diameter distribution of CNT/PVA fibers with different contractions. The 

contraction ratio and pore size of each fiber are listed in the top right inset table [24]. 

Our results showed that 90% of the pore diameters in porous CNT/PVA fiber f2 were in the 

range of 150–450 nm (average diameter of 285 nm, Fig. 17). The pore diameter is far larger than 

the mesopores (2–50 nm) that typically existed in dry-spun CNT fiber [27]. By controlling fiber 

contraction ratio during drying process, fibers with smaller-size pores of 152 and 143 nm were 

also obtained, with more than 80% of those were in the range of 100–175 nm. CNT fibers with 

large size pores may have promising applications for accommodating foreign particles to 

fabricate multifunctional composites fibers [28] and accessing of large polymer chains to 

enhance fiber mechanical properties [29]. 

2.14 Electromechanical behavior of reduced graphene fibers [30] 

In this study, the electromechanical response of reduced graphene oxide (rGO) fiber is reported. 

The rGO fiber shows immediate Young’s modulus decrease upon electric current application, 

and the load-drop can be as high as 82% of the original loading when a 20 mA current is applied. 

Joule heating induced dynamic absorption and desorption of water molecules induced rGO sheet 

sliding is responsible for this behavior. Electromechanical responses of rGO fibers open the door 

for future development of functional rGO fiber in the fields of actuators and sensors. 
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Fig. 18 Mechanical responses of rGO fibers during continuous stretching when different electric 

currents are applied at the tensile loadings of (a) 20 mN, (c) 50 mN and (e) 80 mN, and the 

corresponding load-drop/jump curves are enlarged in (b), (d) and (f), respectively [30]. 

The rGO fiber has an immediate and significant mechanical response when an electric current is 

applied. As shown in Fig. 18a and b, when currents of 5, 10, 15 and 20 mA were applied at the 

tensile loading of 20 mN, load-drops of 1.3, 5.8, 9.9 and 14.8 mN emerged immediately. The 

initial fiber modulus can be calculated by:  𝑓 =  /𝜀A ( 𝑓: Young’s modulus, F: tensile loading, 

A: cross-sectional area), and the tensile loading on fiber is given as π 𝑓𝜀 
2
/4. At the end of 5 s 

current application, immediate load-jumps were observed (Fig. 18b). During this process, the 

rGO fibers’ moduli further increased by 0.36 (5 mA), 1.12 (10 mA), 1.78 (15 mA) and 2.24 GPa 

(20 mA), respectively. Fig. 18c, d and e, f demonstrate more remarkable mechanical responses 

when the current was applied at higher tensile loadings of 50 and 80 mN. 

2.15 A literature review of graphene-based fibers [31] 

Significant progress has been made in recent years in the development of graphene-based fibers 

(GBFs) due to their unique structures and excellent properties. Potential applications of GBFs 

can be found, for instance, in stretchable conductors, energy storage and conversion devices, 

actuators, field emitters, solid-phase microextraction and catalysis. Different from graphene-

based aerogels (GBAs) and membranes (GBMs), GBFs have demonstrated remarkable 

mechanical and electrical properties, and can be bent, knotted, or woven into flexible electronic 

textiles. Therefore, it is timely that a comprehensive assessment of the state-of-the-art in GBF 

research and development be made. To this end, we have conducted an extensive literature 

review of GBFs with focus on their synthesis, performance and application. We also attempt to 

identify the future directions in GBF research. 
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3. Summary 

Continuous carbon nanotube fibers possess high mechanical properties and electrical 

conductivity, demonstrating the potential of multifunctional applications in various fields. In this 

program, we systematically studied the tensile strength, compressive strength, microstructure, 

torsional behavior, electromechanical response, failure behavior, tensile stress relaxation 

behavior of CNT fibers, and its interfacial behavior with graphene and polymer materials. We 

have also investigated the synthesis and electromechanical behavior of GBFs. Molecular 

dynamic simulations studying the relationship between CNT assemblies and the resulting 

mechanical and electrical properties were conducted to gain insight into the fundamental 

strengthening mechanisms. Transparent, stretchable composites based on CNT fibers and PDMS 

were also designed and fabricated to demonstrate the multifunctional applications of CNT fiber. 

Eleven journal papers and two review articles summarizing the research progress and future 

development have been published; two journal papers and one review article are under 

preparation. 
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Part II: Report by the Co-Principal Investigator 

1. Introduction 

The following research and support for PI’s research have been conducted during the grant 

period: 

Year 1:  

Synthesis of spinnable carbon nanotube (CNT) arrays, and fabrication of CNT fibers for 

supporting the PI’s fundamental research of CNT fibers. Multi-walled carbon nanotubes with 

high level of spinnability and quality have been synthesized. An automated winding and 

twisting machine has been designed and built for fabricating continuous CNT fibers with 

required diameter, twist angle, and length. See section 2.1. 

- Spun CNT fibers for the electromechanical response and failure behavior of pure CNT 

fibers and CNT composite fibers under tensile loading. See Part I section 2.1 [1] 

- Spun CNT fibers for the interfacial behavior of CNT fiber/epoxy composites 

characterizations. See Part I section 2.2 [2] 

 

Year 2: 

(1)  Synthesis of spinnable CNT arrays, and fabrication of CNT fibers for supporting the PI’s 

fundamental research of CNT fibers. See section 2.1.  

(2)  Fabrication and examination of mechanical properties and electromechanical properties of 

CNT fiber composites. CNT fiber composites showed similar mechanical properties to the 

neat matrix. CNT fiber composites were also tested under cyclic tensile loading to assess 

their piezoresistive response. No permanent damage was incurred up to 66% of ultimate 

strength. See section 2.2. 

(3)  Invention and development of low twist CNT yarns for high performance textiles and 

composites. This invention provides an assembly of solutions to current problems in CNT 

fiber fabrication. We obtained very low or zero twist in a CNT fiber (<15°). This invention 

improves the productivity of CNT fibers, ensures better polymer infiltration, allows 

stretching of the CNT fibers, and enhances their properties. See section 2.3. [5] 

 

Year 3: 

(1) Synthesis of spinnable CNT arrays, and fabrication of CNT fibers for supporting the the PI’s 

fundamental research of CNT fibers. See section 2.1.  

(2)  Design and development of multi-functional glass fiber reinforced composites (GFRP) with 

embedded flexible twisted CNT fibers for in-situ strain sensing applications. The embedded 

CNT fibers demonstrated effective sensing capability when the GFRP was loaded up to 80% 

of maximum strain. Up to a maximum strain amplitude of 20% of the composite, the strain-
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dependent resistance of the CNT fiber showed good recoverability and reproducibility. See 

section 2.4. [4] 

(3) Examination of bending fatigue properties of glass fiber reinforced composites with 

embedded flexible twisted CNT fibers. The CNT fiber has sensing capability up to 60% of 

the maximum load, and showed repeatable resistance response when cycled 1000 times at 

45% of the maximum load, which is superior to conventional CNT fibers fabricated with 

dispersed CNTs. See section 2.5. [4] 

(4) Plasma-treatment study of raw CNT ribbons that are used to fabricate CNT fibers. Oxygen 

plasma treatment was found effective to improve the interfacial properties of spinnable 

CNTs and thus improved the tensile strength of the CNT/Bismaleimide composites by 82%, 

and Young’s modulus by 26%. See section 2.6. 

 

2. Brief Overview of Accomplishments 

During the three-year collaborative project, synthesis of spinnable carbon nanotube arrays with 

high level of spinnability and consistent quality has been achieved. CNT fibers with required 

diameter, twist angle, length have been designed and fabricated to support the PI’s fundamental 

research. The properties of both raw CNT sheet material and resulting CNT fibers were 

enhanced by applying unique treatment method and developing novel fabrication technology. 

Various flexible macroscopic CNT fiber composites have been designed and characterized. 

Flexible and multi-functional glass fiber composites with embedded CNT fiber are demonstrated 

promising for the next generation in-situ strain and damage sensing as smart structures. The 

contents are summarized below. 

 

Key Words: Carbon nanotubes, Synthesis, CNT fiber, Composites, Mechanical Properties, 

Strain Sensing 

 

2.1 Synthesis of spinnable CNT arrays and fabrication of CNT fibers 

The CNTs synthesized by the iron chloride (FeCl2) catalyzed growth have multiwalls. Multi-

walled carbon nanotubes are more robust for surface treatment, such as doping, compared to 

single-walled or double-walled nanotubes. Due to the nature of the nucleation of the catalyst 

nanoparticles in the vapor phase, the catalyst nanoparticle formation is dependent on the partial 

pressure of the catalyst vapor in the reactor. This partial pressure can be influenced by both the 

starting amount of catalyst in the reactor and its dilution by reactive or non-reactive gas. We 

completed experiments to determine the effect of the catalyst starting weight, nucleation 

temperature, acetylene and argon flow rate on the CNT diameter (by transmission electron 

microscopy evaluation), drawability (speed at which continuous sheets can be pulled), and 

quality (Raman G/D ratio). 
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Most CNT array processing routes involve the deposition of metal catalyst particles using a 

physical vapor deposition route such as sputtering or evaporation. This is a time consuming step 

due to pre-deposition pumping and the substrate size being limited to the size of the deposition 

system. The method adopted by NCSU is based on evaporation of a metal salt catalyst initially 

reported by Prof. Yoku Inoue [6]. Due to the vapor phase deposition of the catalyst particles at 

the beginning of the CVD process, CNTs are nucleated on any flat quartz surface in the furnace 

hot zone. It is a low-pressure nucleation and growth process running at around 5 torr, which 

allows us to grow uniform arrays on large size substrates without causing diffusion limited 

uneven growth seen in atmospheric CVD processes. NCSU is currently investigating larger CVD 

systems and scale up opportunities for this synthesis process (4’’- 12’’ wide substrates for 

synthesizing large arrays).  

Based on the successful synthesis of spinnable CNT arrays (Figure 1), various CNT fibers with 

desired diameter, twist angle and length have been fabricated. An automated winding and 

twisting machine has been designed and built to fabricate CNT fibers (Figure 2).  

 

 

Figure 1. Two inch wide aligned CNT sheet being pulled from a vertically aligned CNT array. 
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Figure 2. Automated winding and twisting machine designed for fabricating CNT fibers. 

2.2 Fabrication and examination of mechanical properties and electromechanical 

properties of CNT fiber composites. 

2.2.1 NCSU hand-woven CNT fiber preforms: Infusion process 

The following procedure was used to infuse plain-woven CNT fiber preform (Figures 3-5). 

 Acetone treatment and air-drying (30 minutes) 

 Nitric acid treatment and oven drying (1 hour at 100ºC) 

 Removal from paper holder and placement on a glass substrate cleaned with methanol 

and treated with Frekote (to aid de-molding). 

 Mixing and degassing of the EPON 862:Epikure W (100:26.4) mixture (degassing occurs 

under vacuum at RT for 30 minutes) 

 Pouring of epoxy mixture onto the fiber preform/glass substrate (standard VARTM tape 

used to prevent overflow) 

 Degassing of the preform (under vacuum at 50ºC for 2.5 hours) 

 Curing at 130ºC for 6 hours 

 

Figure 3.  The 90º fibers bunch together via capillary action upon acetone and nitric acid 

treatment. 

Preform Images 
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Figure 4. preform prior to end-tabbing 

 

 

Figure 5. preform with end-tabs and electrodes 

 

2.2.2 Mechanical characterization 

Tested specimens 3-6 to failure via ASTM D638 (1.27 mm/min or 0.05 in/min); as expected, 

strength is ~80 MPa (Figure 6). 

In Figure 7, the concept was to evaluate the CNT fiber composites under cyclic tensile loading to 

assess their electromechancial response. First, a neat epoxy specimen was loaded under 

incremental cyclic tension to ensure that no permanent damage was incurred up to 66% of 

maximum tensile strength. Similar results have been found when tested in the PI’s group [3]. 
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Figure 6. Mechanical behavior of the neat 

epoxy specimens under monotonic tensile 

loading 

 

Figure 7.  Mechanical behavior of a neat epoxy 

specimen loaded in 500 N increments to 2500 

N (66% σUTS) and cycled ten times between 0 

N and 2500 N. 

2.2.3 Electromechanical behavior under bending  

Although it is not possible to correlate applied tensile strain directly with electrical resistance 

changes due to the 90º fibers, we hypothesized that it may be possible to do so under applied 

three point bending load.  To test this hypothesis, the sample was flexed in both directions such 

that the CNT fiber layer (near the bottom surface of the specimen since it was taped to the mold) 

was loaded under tension then under compression. We observed a clear increase in electrical 

resistance measured across the specimen axis (Figure 8). 
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Figure 8.  Electrical resistance to applied bending and release.

 

2.3 Invention of low twist CNT fibers for high performance textiles and composites 

The superior mechanical and physical properties of individual CNTs have provided promising 

opportunities for developing high performance CNT fibers (or fibers), which can be woven or 

braided into textile structures or directly used as composite reinforcements. This invention 

involves continuously creating CNT fibers comprising axially aligned and highly packed CNTs 

without twist or with minimum twist (<15°).  

This invention provides an assembly of solutions to current problems in CNT fiber fabrication. 

Firstly, it improves the productivity of CNT fibers. Low twist ensures better polymer infiltration 

to the CNT fiber structure and thus enables fast drawing of CNT fibers with good polymer 

infiltration. In addition, low twist saves time and energy for the fiber spinning process, and 

therefore makes the resultant CNT fibers appealing for large-scale fabrication and commercial 

applications. Secondly, since better polymer infiltration is realized and superaligned CNT arrays 

are used, the low twist CNT fibers produced by this process could have much higher specific 

modulus and specific strength than those of commercially carbon and synthetic fibers. They 

could also exhibit high electrical and thermal conductivities, and sensing properties. Thirdly, it is 

usually difficult to stretch and align the CNTs when the twist angle is above 15°. Low twist 

provides just enough cohesion and tension for the individual nanotubes, allowing stretching of 

the CNT fiber possible. The CNTs are stretched and remain continuous when they slide against 

each other under uniaxial strains. Therefore, long and straight nanotubes become close in contact 

with each other, which results in effective load transfer. Reduced CNT end clustering would also 

contribute to the reduced probability of defects and the increase of the composite strength.  
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Figure 9. A zero twist fiber (left) and a fiber with 10° twist (right) produced by this invention.  

 

 
Figure 10. Stress-strain relationship of 0.2% PVA coated CNT fibers with different twist angles 

 

2.4 In-situ strain sensing of glass fiber reinforced composites using embedded flexible 

twisted CNT fibers under three-point bending 

2.4.1 In Situ Resistance Behavior of GFRP with CNT Fiber in the Tension Region 

When the composite sample was placed in a way that the CNT fiber was near the bottom skin, 

the CNT fiber deformed in response to the tension force induced by the three-point bending. Five 
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incremental loading–unloading cycles were applied to the sample, where the deflection of the 

specimen was controlled to the 20, 40, 60, 80 and 100% of the maximum deflection, 

corresponding to the 20, 43, 66, 87 and 100% of the fracture stress (tensile strength) of the 

composite sample, respectively. Figure 11 presents the correlation of nominal mechanical stress 

and change in electrical resistance (∆R/R) for the sample. When the GFRP was loaded to 20% of 

the maximum strain and returned to zero strain, both the nominal stress and electrical resistance 

change showed linear increase/decrease as the strain increased/decreased. When the GFRP was 

loaded to 40% and 60%, respectively, of the maximum strain and then unloaded, the nominal 

stress exhibited linear relationship while the resistance change started to show a flat “loop”. The 

linear increase/decrease of the stress was coming from the GFRP where it has not reached the 

yielding stage of the matrix. The slight “loop” shown in the resistance change was a consequence 

of surpassing the elastic deformation of the twisted CNT fiber. Individual nanotubes started to 

slide against each other, which rendered permanent microstructure change in the fiber. During 

the 4
th

 load/unload cycle, the trend for electrical resistance change became more obvious. It can 

be seen that as slippage of nanotubes is prevalent in the fiber structure, the resistance change 

showed substantial hysteresis in the loading/unloading curves. At the end of the unloaded state, 

permanent resistance changes of the specimen was observed due to the permanent microstructure 

change in the CNT fiber.   

When the sample was loaded to 100% of the maximum strain, the composite sample yielded 

and the resistance change of the CNT fiber drastically increased. Finally the electrical resistance 

became infinite due to sample failure and fiber breakage. Figure 12a is an overview of the five 

load/unload cycles. It clearly shows the process from linear response to hysteresis for the 

electrical resistance change in the CNT fiber. Figures 12b shows the change in electrical 

resistance of the composite during cyclic bending deformation with increasing peak load as a 

function of time. This self-sensing ability of the GFRP imparts multi-functionality, where the 

nanotube fiber can detect strains and failure in situ. Another advantage of CNT fiber sensor is 

that it has high electrical conductivity, tailorable structure and resistance, and a hierarchical 

structure which can effectively sense strain and strain distribution in the host composite.  
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Figure 11. Three-point bending test: mechanical and electrical resistance results of GFRP 

specimen with embedded CNT fiber in the tension side for four incremental loading-unloading 

steps.  
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Figure 12. (a) Typical three-point bending test: mechanical and electrical resistance correlation 

of GFRP specimen with embedded CNT fiber in the tension side for five incremental loading-

unloading steps until fracture. (b) Mechanical test procedure and the accompanying resistance 

response for incremental cyclic loading.  

 

2.4.2 In Situ Resistance Behavior of GFRP with CNT Fiber in the Compression Region 

When the composite sample was placed in a way that the CNT fiber was near the top skin, 

the CNT fiber deformed in response to the compression force induced by the three-point bending. 

During the five load/unload cycles, the resistance change of the CNT fiber first increased then 

decreased. Figure 13 shows the correlation of nominal mechanical stress and change in electrical 

resistance (∆R/R) for the sample. Similar to the test when the CNT fiber was in the tension 
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region, when the GFRP was loaded to 20% of the maximum strain and returned to zero strain, 

both the nominal stress and electrical resistance change showed linear increase/decrease as the 

strain increased/decreased. However, when the GFRP was loaded to 40, 60 and 80%, 

respectively, of the maximum strain and then unloaded, the electrical resistance started to show a 

permanent deformation judging from the non-zero returning point on the plots. Permanent 

deformation in electrical resistance is resulted from slippage of individual nanotubes against each 

other. The hysteresis in electrical resistance during the 40, 60 and 80% loading-unloading cycles 

is a direct result of flexural deformation of the CFRP and the CNT fiber. Compared to the fiber 

embedded at the bottom skin, the CNT fiber at the top skin was subject to a deformation with 

smaller radius, and thus subject to a larger bending force. Upon unloading of the GFRP, the CNT 

fiber needed more time and thus generated a hysteresis to return to the original position 

compared to the fiber at the bottom.  Figure 14 shows the mechanical and electrical resistance 

correlation of GFRP specimen with embedded CNT fiber in the compression side for five 

incremental loading-unloading steps until fracture. It clearly shows the progression of the 

permanent deformation and the hysteresis in electrical resistance change of the CNT fiber.  
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Figure 13. Three-point bending test: mechanical and electrical resistance results of GFRP 

specimen with embedded CNT fiber in the compression side for four incremental loading-

unloading steps. 
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Figure 14. (a) Typical three-point bending test: mechanical and electrical resistance correlation 

of GFRP specimen with embedded CNT fiber in the compression side for five incremental 

loading-unloading steps until fracture. (b) Mechanical test procedure and the accompanying 

resistance response for incremental cyclic loading.  

 

2.5 Four-point bending fatigue test of GFRP material with embedded CNT fiber  

Piezoresistive properties of a GFRP with embedded twisted CNT fiber (diameter of ~50 µm, 

twist angle of ~30°) were obtained upon large cyclic loads (45% and 60% of maximum load, 

each for 1000 cycles, respectively) under four-point flexural tests at 0.5 Hz. The corresponding 

variations in electric resistance and the load cycles are reported in Figure 15. 
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Overall the test results suggest that the twisted CNT fiber has the capability to sense strains in 

terms of flexural loadings up to 60% of maximum load. It is advantageous over fibers made with 

dispersed short CNTs, because dispersed short CNTs cannot withstand large strains due to 

contact lost. During the first 1000 cycles at 45% of maximum load, the electrical resistance 

change of the GFRP is slightly larger at the initial stage of the cycling test (initial stage in Figure 

15), which indicates that pre-cycling may allow the carbon nanotubes to straighten and realign 

themselves under strains. After pre-cycling, the resistance became stable at 45% of maximum 

load, since the nanotubes now have stable contact with each other.  

When larger load was applied (60% of maximum load), the electrical resistance change of the 

CFRP first increased then decreased. This could be due to further slippage of nanotubes against 

each other, which makes the CNT fiber exhibit a behavior similar to the viscoelastic properties of 

polymer materials. Under repeated elongations of the composite with embedded CNT fiber 

during the 1000 cycles at 60% of maximum load, R/R0 slightly drifts downward then upward, 

which is attributed to the CNT fiber structure rearrangement. After each cycle, the electrical 

resistance does not go back to its initial value, indicating that phenomena occurring in the fiber 

permanently modify the morphology of the CNTs. It is expected that higher test loadings would 

affect more deeply the strain accumulated in the fiber and thus its structure. 

From the flexural fatigue tests a relation between piezoresistive effects and stress/strain is 

established: the R/R0 changes are proportional to the tensile stress with synchronous variations 

and a large signal/noise ratio. Future work includes testing at larger loadings (75%) until 

composite fracture, and identifying the onset of crack initiation and propagation in the composite 

structure, by analyzing the resistance response of the embedded CNT fiber. The technique of 

using embedded twisted CNT fiber to sense the damage in the composite materials in-situ will 

also be verified with microscopy examinations.  

 

Figure 15. Piezoresistive variations of the CNT fiber embedded GFRP upon four point flexural 

fatigue tests at 0.5 Hz 
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2.6 Oxygen plasma treatment of raw CNT ribbons that are used to fabricate CNT fibers 

Utilizing spinnable CNTs to produce high-strength CNT fibers has been considered an effective 

route to develop the next-generation CNT fiber composites. However, the reported tensile 

strengths of the as-prepared fibers are far below that of an individual CNT. It is believed that 

nanotube slippage against each other results in the lower strength. When fabricating CNT fiber 

composites, the lack of interfacial bonding between CNTs and the polymer matrix also leads to 

lower-than-predicted mechanical properties. Here we used oxygen plasma to treat the as-

synthesized CNT array, and then improved the resulting tensile strength of CNT/Bismaleimide 

composites by 82%, and Young’s modulus by 26%. This method is going to be applied to 

fabricating CNT fibers and CNT fiber composites.  

Table 1. Mechanical properties of composites fabricated by non-treated CNTs and plasma treated 

CNTs. 

 

 

    

Figure 16. Tensile stress-strain curves of composites fabricated by non-treated CNTs (left) and 

plasma treated CNTs (right). 
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Summary: 

In this project, the Co-PI’s (Prof. Zhu) group has palyed a supporting role to the fundamental 

research by the PI’s (Prof. Chou) group.  In that role, we (the Co-PI’s group) have fabbricated 

CNT fibers, composite samples, and CNT-fiber sensors embedded in composite, as requested by 

the PI’s group.  Only some of these samples produced meaningful scientific data for publications, 

as expected in experimental studies.    

In this process, we have also developed/optimized parameters to synthesize spinnable CNT 

arrays with consistent quality, and designed and made in house the automatic machinces/devices 

for fabricating the CNT fibers and composites.   

We have also made the following notable researches/achievements, some of which are being 

writen up for publications (listed in a later section):  

 Disclosed one patent on low-twist CNT fibers 

 In-situ strain sensing of glass fiber reinforced composites using embedded flexible 

twisted CNT fibers under three-point bending 

 Four-point bending fatigue test of GFRP material with embedded CNT fiber  

 Oxygen plasma treatment of raw CNT ribbons that are used to fabricate CNT fibers 
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